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Introduction
The Apicomplexa comprise an extensive group of obligate intracellular parasites with complex life cycles across diverse host ranges (Keeling et al. 2005) . These include several human parasites, with the malaria-causing Plasmodium genus being the most notorious member, next to the opportunistic parasites Toxoplasma gondii, causing encephalitis in immuno-compromised individuals as well as birth defects, and Cryptosporidium species, causing severe diarrhea. One of the defining features of the Apicomplexa is their cortical cytoskeleton, composed of flattened membrane sacs (alveoli), supported by a meshwork of intermediate filaments and microtubules (Leander and Keeling 2003; Morrissette and Sibley 2002) . The cytoskeleton of Apicomplexa lies at the core of the biology of these organisms as it provides the platform for gliding motility (Baum et al. 2008) , which is essential for host cell invasion, and in addition it serves as the scaffold for daughter cell assembly in cytokinesis (Striepen et al. 2007 ). The alveoli supported by the intermediate filaments are collectively known as the inner membrane complex or IMC (Mann and Beckers 2001) . In Toxoplasma the most apical, cone-shaped alveolar vesicle defines the apical cap whereas three additional rows of multiple vesicles make up the rest of the parasite's IMC (Morrissette and Sibley 2002; Porchet and Torpier 1977) . In recent years, the apical cap has gained interest as a distinct sub-domain of the IMC since a growing number or proteins is localizing distinctly to the cap, though the function of this organization is currently unclear (Anderson-White et al. 2011; Beck et al. 2010; Frenal et al. 2010; Gilk et al. 2006; Hu et al. 2006 ). Parasite motility is provided by an actinomyosin-based process anchored in the IMC. Myosin A (MyoA) is part of the glideosome complex (Keeley and Soldati 2004) , which further contains glideosome anchoring proteins GAP45 and GAP50 (Gaskins et al. 2004; Johnson et al. 2007 ), myosin light chain MLC1 (Herm-Gotz et al. 2002) , and essential light chain ELC1 (Nebl et al. 2011 ). In the apical cap GAP70 replaces GAP45 in the glideosome (Frenal et al. 2010) . MyoA transports actin filaments polymerizing in the space between the plasma membrane and the outer leaflet of the IMC. Actin in turn is anchored to adhesion proteins sticking through the plasma membrane that are in contact with extracellular substrate or receptors present on the host cell surface (Sibley 2004; Soldati and Meissner 2004) . Actin in Apicomplexa is divergent from mammalian actin and can only form short, unstable filaments (Sahoo et al. 2006; Skillman et al. 2011; Wong et al. 2011) . Furthermore, actin biology is characterized by a relatively limited set of actin binding protein proteins that control nucleation, stability, and turnover (Baum et al. 2006) . In short, the behavior of actin and its interaction with the glideosome is not well understood and mechanisms appear to differ between parasites as well as between different life stages of the same parasite (e.g. Daher et al. 2010; Ganter et al. 2009; Hliscs et al. 2010; Mehta and Sibley 2010; Skillman et al. 2012) ). Moreover, Toxoplasma tachyzoites display several distinct modes of motility, including circular gliding, helical gliding, and twirling (Hakansson et al. 1999) ; most other parasites only display circular gliding (Sibley 2004) . The mechanism and purpose of these different motility modes is presently unclear.
Apicomplexan parasites divide by a several different strategies that produce from 2 to 10,000s of daughter parasites per division round. A constant in these division processes is that daughter parasites are produced by budding, which is driven by assembly of the parasite's cortical cytoskeleton (Ferguson et al. 2008; Striepen et al. 2007) . Daughter assembly starts with the apical end and progresses in the basal direction eventually resulting in contraction of the basal complex at the leading edge to taper the parasites toward the end. A ubiquitous factor is the presence of scaffolding protein MORN1 in the basal complex (Ferguson et al. 2008; Gubbels et al. 2006; Hu 2008; Hu et al. 2006) . Apicomplexan cell division has been most extensively studied in Toxoplasma gondii tachyzoites, which produces two daughters per division round making it the simplest apicomplexan cytokinesis mode. In this system, ablation of MORN1 prevents assembly of the basal complex and results in conjoined parasite daughters, illustrating the basal complex provides the contractile power required to taper the cytoskeleton (Heaslip et al. 2010; Lorestani et al. 2010 ).
Next to MORN1, several other proteins have been shown to localize to the basal complex, including myosin C (Delbac et al. 2001 ), a dynein light chain (DLC1) , TgCentrin2 (Hu 2008) , and several intermediate filament-like proteins of the IMC family (Anderson-White et al. 2011) . However, only MORN1 is present at the leading edge throughout daughter assembly whereas the other components are recruited at the widest point. Which motor provides the power to contract the basal complex in the second half of cytoskeleton assembly is still not clear. A role for a myosin in cell division is questionable since actin polymerization does not appear to be required for cell division (Shaw et al. 2000) and MyoC is not conserved across the Apicomplexa, whereas DLC1 would require microtubules, which are absent from the basal complex (Morrissette and Sibley 2002) although a form of detyrosinated tubulin is present at the basal end (Xiao et al. 2010) . Since Centrin2 is a contractile, filament forming protein it has been suggested as the most likely motor for contraction (Hu 2008) . However, the role of TgCentrin2 in the basal complex, as well as other distinct locations in the cytoskeleton, is poorly understood . Furthermore, MORN1 is also present at the apical complex, the spindle pole, and the spindle, indicating it plays a versatile role in cell division (Gubbels et al. 2006) . It is of note that genetic removal of MORN1 does not affect mitosis, but only interferes with basal complex assembly (Heaslip et al. 2010; Lorestani et al. 2010) . Finally, the basal complex is maintained at the posterior end of mature parasites and likely serves a structural function (Anderson-White et al. 2011) .
In this paper we set out to use MORN1 as a gateway to further dissect the basal complex. We isolated the putative MORN1 complex by a combination of cellular fractionation and immuno-precipitation and identified its components by mass spectrometry. We analyzed the list of candidates by their mRNA expression profiles throughout tachyzoite development and identified a pool of genes with mRNA expression profiles matching that of MORN1. We determined the sub-cellular localization patterns of the hypothetical proteins in this pool. We identified several new, previously uncharacterized proteins of the basal complex. In addition, we identified several other cytoskeleton proteins of which several specifically localized to the apical cap and others to the general cortical cytoskeleton. Overall, the results further our understanding of the composition and dynamics of the cytoskeleton throughout cell division.
Materials and Methods

Parasites
The type I strain RH and its transgenic derivatives were used throughout this study as described previously (Roos et al. 1994) . In short, parasites were maintained by serial passage through human foreskin fibroblasts (HFFs), in DMEM supplemented with 1% fetal bovine serum, 50 units/mL penicillin, 50 ug/mL streptomycin 2 mM L-glut and 0.25 μg/mL fungizone, at 37°C, 5% CO 2 , and constant humidity. Stable transgenic parasite lines were selected by 20μM chloramphenicol or 1μM pyrimethamine, depending on the drug selection marker. All stable lines were cloned by limiting dilution.
Fractionation and Sample Preparation
RH strain parasites were harvested following natural egress, filtered (3 μm), and washed twice in 1X PBS. The pellet was resuspended in lysis buffer (1% TX-100, 50 mM HEPES pH 7.5, 300 mM KCl, 1 mM EDTA, 1 mM MgCl 2 , and 1X protease inhibitor), then mixed end-over-end for 1 hour at 4°C, and finally sonicated for three 30 second bursts (Cole Palmer Instrument Co. 4710 Series Ultrasonic Homogenizer set at 40% output control). The samples were spun at 14,000 × g for 30 minutes at 4°C. The pellet was separated from the supernatant and resuspended in an equal volume of lysis buffer, and then fractionated over a 15-35% sucrose step gradient by centrifugation at 200,000 × g for 18 hrs in a Ti-80 swinging bucket rotor. Samples were analyzed by silver staining and western blotting; the MORN1-enriched fractions were pooled and diluted 1:5 into binding buffer (50 mM HEPES pH 7.5 buffer containing 300 mM KCl) and. pre-cleared over a column containing carbolinked pre-immune rabbit antiserum. The resulting flow-through fraction was then applied to a column containing carbolinked affinity-purified anti-MORN1 rabbit antiserum (Gubbels et al. 2006) . The flow-through fraction was recycled once before washing the column in 30 bed volumes of 50 mM HEPES pH 7.5 buffer containing 300 mM KCl. α-MORN1 antibody-bound protein complexes were eluted using 200 mM glycine pH 2.5, TCA-precipitated, washed, and dried in acetone prior to mass spectrometry analysis. Carbolinked antiserum columns were prepared using the CarboLink Immobilization Kit (Pierce/Thermo Scientific).
Mass spectrometry Analysis
Purified proteins were identified by mass spectrometry using an LTQ XL Ion trap mass spectrometer (Thermo Fisher Scientific) as described previously (Washburn et al. 2001) using reverse phase (C18) separation. Spectra were searched using SEQUEST software against ToxoDB's GT1, ME49 and VEG strains reference genomes.
Plasmids
All oligonucleotides used in this study are described in Supplementary Table S1 . Endogenous Myc3x-and YFP-tagging constructs were engineered by LIC cloning 1.5 to 3.0 kb of the 3′ genomic coding sequence, up to but not including the stop codon, into the pMyc-LIC-DHFR and pYFP-LIC-DHFR vectors (kind gift of Dr. Vern Carruthers, University of Michigan) (Huynh and Carruthers 2009) . All other constructs were cloned based on the ptub-YFP 2 (MCS)/sagCAT plasmid (Anderson-White et al. 2011 ) by replacing the α-tubulin promoter (PmeI/BglII) with the endogenous promoter, or the first YFP (BglII/ AvrII) or the second YFP (AvrII/EcoRV) with the cDNA sequence of the gene of interest.
Sequence analysis
Sequences were collected from ToxoDB (www.toxoDB.org) (Gajria et al. 2008 ). Orthologs were detected using orthoMCL (Chen et al. 2006) . Multiple sequence alignments were performed and color-coded using ClustalW2 (Goujon et al. 2010; Larkin et al. 2007 ). Palmitoylation sites were predicted using CSS-Palm 3.0 with a high threshold (Ren et al. 2008 ) and myristoylation sites were predicted by NMT Myr Predictor (http:// mendel.imp.ac.at/myristate/SUPLpredictor.htm). Coiled-coils were predicted with the program COILS (Lupas et al. 1991) . For genes of interest the mRNA expression profiles throughout tachyzoite development (Behnke et al. 2010) were downloaded from ToxoDB. Hierarchical clustering of gene expression profiles was performed in Matlab using the Spearman correlation as the distance metric.
Fluorescence microscopy
Extracellular parasite samples were prepared by settling freshly-lysed tachyzoites on poly-Llysine-coated coverslips for 30 minutes and then washing the coverslips with 1X PBS. Intracellular parasite samples were prepared by infecting confluent monolayers of HFFs grown on coverslips with tachyzoites. All samples were fixed and permeabilized with either ice-cold 100% methanol or 3.7% paraformaldehyde and 0.25% Triton-X 100 and blocked in 1% BSA w/v in 1X PBS for 1 hour at room temperature. The following primary antibodies were used: rabbit anti-MORN1 (1:2000) (Gubbels et al. 2006) , rat anti-IMC3 (1:2000) (Anderson-White et al. 2011), mouse anti-IMC1 (1:1000; kind gift of Dr. Gary Ward, University of Vermont) (Mann and Beckers 2001) , mouse anti-c-myc (1:50; Santa Cruz Biotech), rabbit anti-GAP45 (1:2000; kind gift of Dr. Con Beckers, University of North Carolina) (Gaskins et al. 2004) , rabbit anti-GFP (1:200; Torrey Pines Biolabs) mouse anti-GFP (1:500; Abgent). Alexa Fluor 488 and 594 goat anti-mouse, -rabbit and -rat secondary antibodies were used to probe the aforementioned primary antibodies (1:200, Invitrogen). 4′,6′-diamidino-2-phenylindole (DAPI) was used to stain nuclear material. Images were collected using a Zeiss Axiovert 200M wide-field fluorescent microscope equipped with DAPI, FITC, YFP and TRITC filter sets, an a-Plan-Fluar 100X/1.45 NA oil objective and a Hamamatsu C4742-95 CCD camera. Images were collected, deconvolved and adjusted for phase-contrast using Volocity software (Improvision).
Detergent Extractions
Detergent extractions were performed as previously described (Gubbels et al. 2006) . Essentially, 10 8 freshly-lysed tachyzoites were resuspended in 100 μL of 10% detergent in resuspension buffer (150 nM NaCL, 50 mM Tris pH 7.5), or in resuspension buffer alone. Extraction with resuspension buffer, 1% TX-100 and 1% DOC were performed in ice for 1 hour, and with 1% SDS at 100°C for 10 minutes. The soluble and insoluble fractions were separated by centrifugation at 13,000 rpm for 20 minutes. Pellets were resuspended in 100 μL resuspension buffer. 10 μL of each fraction were run on a 12% Bis-Tris Gel and transferred to a PVDF membrane. Membranes were first probed with the following primary antibodies: mouse anti-c-myc-HRP (1:2000; Santa Cruz Biotech), mouse anti-IMC1 (1:1000), mouse anti-ISP1 (1:2000; kind gift of Dr. Peter Bradley, UCLA), mouse anti-ROP1 (1:1000) and mouse anti-α-tubulin 12G10 (1:1000; University of Iowa Hybridoma Bank). Primary antibodies not directly conjugated to HRP were detected by probing the membrane with goat anti-mouse-HRP (1:10000; DakoCytomation). Signals were collected by chemiluminescent substrate treatment (Advansta) and exposure to X-ray film.
Results
Proteomic dissection of the putative MORN1 complex
We isolated and enriched the putative MORN1 complex using the strategy depicted in Figure 1A . MORN1 associates with the parasite's cytoskeleton and is largely resistant to extraction in a 1% solution of the nonionic detergent Triton X-100 (TX-100) (Gubbels et al. 2006) . Following TX-100 lysis of wild-type RH strain parasites and sonication, the insoluble pellet was fractionated on a 0-35% sucrose gradient. Silver stain analysis of the fractions confirmed the isolation of a complex and an abundant protein repertoire in each fraction ( Fig  1B) . Parallel western blot analysis of the fractions (Fig. 1C) identified fractions 3 and 4 as the most enriched in MORN1. To ascertain that this approach separated soluble and insoluble complexes, sucrose gradient fractions 3-5 of the TX-100 insoluble pellet and, as a control, fractions 3-5 of the TX-100 soluble supernatant separated on a parallel sucrose gradient, were separated on native blue gels and western blots probed with antibodies recognizing MORN1 (Fig. 1D ), the insoluble inner membrane complex protein IMC1 (Fig.  1E ) or the soluble microneme protein Mic2 (Fig. 1F ). These data validated the separation of the parasite's TX-100 insoluble cytoskeletal components from the TX-100 soluble material. Additionally, the mass of the putative MORN1 complex isolated ( Fig. 1D ) appears to vary between 450-700 kDa, suggesting a variety of different compositions and/or complex fragments.
The MORN1-enriched fractions from the sucrose gradient (i.e. 3 and 4) were immunoprecipitated in two steps. The pooled gradient fractions were first pre-cleared with pre-immune IgG ("Carbo FT" in Fig. 1G and 1H) to eliminate non-specific background binding and subsequenctly immuno-affinity purified with anti-MORN1 IgG ("Carbo Elu" in Fig. 1G and 1H ). As a negative control, a conditional MORN1 knockdown strain (MORN1-cKD, described in (Lorestani et al. 2010) ) was grown in the presence of tetracycline for 72 hours to suppress transcription of MORN1 and then fractionated following the same protocol (Supplementary Figure S1) . The purified MORN1 containing fractions and the corresponding MORN1-cKD control were subjected to mass spectrometry analysis. This identified 137 unique Toxoplasma proteins in the wild-type preparation (Supplementary Table S2 ). Only ten proteins were detected in the MORN1-cKD preparation, suggesting the enrichment of the putative MORN1 complex was very specific (Supplementary Table S3 ). The cohort identified in the wild-type preparation comprised 34 proteins with predicted functions in cellular metabolism (25% of total), 27 proteins with predicted functions in protein synthesis/modification/turnover (20% of total), 22 proteins secreted by the micronemes, rhoptries or dense granules (16% of total), 20 hypothetical proteins (15% of total), 7 nuclear proteins (5% of total), 7 chaperones (5% of total), 5 associated with the actinomyosin motor (4% of total), 6 cytoskeletal proteins (4% of total), 4 mitochondrial proteins (3% of total), and 3 signaling proteins (2% of total).
Putative MORN1-complex proteins display different mRNA expression profiles
The set of 137 candidates identified by mass spectrometry was too large to be characterized in its entirety through experimentation. Furthermore, the diversity of putative functions was too great to establish a subset for further analysis a priori. Genome wide-transcriptome analysis throughout tachyzoite development has shown that genes with related functions, for instance genes encoding cytoskeletal components, display similar dynamics in their profiles (Anderson-White et al. 2011; Behnke et al. 2010) . To curate an experimentally testable group of putative MORN1-interacting candidates, we hypothesized that most MORN1-interacting proteins would share mRNA expression profiles similar to that of MORN1.
Transcript expression profile data were available for 131 of the identified 137 proteins (95.6%). We used cluster analysis to identify a node that contained the candidates with mRNA expression patterns that appeared to peak during cytokinesis ( Fig. 2A and Supplementary Figure S2 ). This group contains MORN1 and other confirmed cytoskeletal proteins (i.e. α-and β-tubulins, IMC4 and IMC10), several actinomyosin motor components (i.e. actin, ELC1, MyoA) and ten hypothetical proteins. The detection of cytoskeletal proteins with co-expressed transcripts was not surprising, as MORN1's association with this structure is well-established and the common role of these proteins in cytokinesis is generally accepted. The identification of actinomyosin motor components with co-expressed transcripts that peak during budding was unexpected because the proteins encoded by these transcripts are thought to play a role in extracellular, non-dividing parasites. Furthermore, most actinomyosin motor components only associate with the mature IMC (Gaskins et al. 2004 ). We did not further determine the specificity of the presence of actinomyosin motor complex proteins in the MORN1 fraction and therefore the ten hypothetical proteins in the prioritized list could be associated with either the putative MORN1 complex or actinomyosin motor complex.
Characterization of candidates
Based on the results of the cluster analysis thirteen genes were selected for further analysis (Table 1 ). The criteria we used are based on whether the gene has been characterized before, the gene's putative function, whether the gene's expression profile is related to MORN1, or whether it is related to the actinomyosin profile. Ten of the selected genes encode hypothetical proteins and were found in the node with MORN1 depicted in Figure 2A . A paralog (TGME49_002390) of one of these genes (TGME49_016650) was identified in a BLAST search against the Toxoplasma genome and selected for further investigation. A cyclase-associated protein, CAP (TGME49_110030), found in the node with MORN1 and a putative 14-3-3 protein (TMGE49_063090) found outside of the node with MORN1 were also followed up on because of their putative but unconfirmed roles in the actinomyosin complex.
Our primary evaluation criterion is whether the candidates co-localizes to one of the MORN1-containing structures. Hereto the coding sequences of the predicted open reading frames (ORFs) were PCR amplified and cloned into Toxoplasma expression vectors fused to YFP at either the N-or C-terminus. Eleven of the thirteen candidates were successfully cloned and expressed in Toxoplasma. The preliminary localization data are provided in Figure 2B and further detailed in Table 1 . Candidates that appeared to localize to the cytoskeleton of intracellular parasites (TGME49_11338, TGME49_110030, TGME49_016650, TGME49_002390, and TGME49_063090) were selected for further cell biological and biochemical analysis.
TgMSC1a (TGME49_016650) localizes to basal cup
The protein encoded by TGME49_016650 is predicted to be comprised of 436 amino acids and does not contain any detectable motifs. Orthologs were identified in Neospora caninum and Plasmodium spp. (Table 1) . Additionally, a paralog was identified in T. gondii (TGME49_002390). Preliminary localization data (Fig. 2B) suggested that the overexpressed YFP fusion protein localized prominently to the basal complex, as well as to punctate structures along the periphery of the parasite and at the apical end of the parasite. We never observed an internal signal, indicating the protein does not associate with budding daughters but only with mature parasites.
To define the spatio-temporal localization pattern of the product of TGME49_016650, triple cMyc-epitope (Myc3x) and YFP tags were targeted to the 3′ end of the endogenous locus of RHΔKu80 strain parasites (referred to as 016650-Myc3x and 016650-YFP henceforth). The localization of the tag in these parasites was similar to those overexpressing the exogenous YFP fusion protein. Localization to the basal cup was confirmed by co-staining methanolfixed samples with MORN1 antiserum (Fig. 3A) . 016650-YFP forms a ring structure (Fig.  3A lower inset) that is almost completely non-overlapping with the ring formed by MORN1 (Fig. 3A upper inset) . Recently, we identified four distinct, partially overlapping substructures in the basal complex (Anderson-White et al. 2011 ). As such we probed whether this candidate co-localizes with any of the proteins marking these sub-structures. 016650-YFP cells co-stained with anti-IMC5 illustrated that 016650-YFP forms a ring around IMC5 ( Supplementary Fig. S3A and S3B) and IMC8 ( Supplementary Fig. S3C and S3D ). MSC1a therefore did not co-localize with any known basal complex marker and adds another dimension to this complex structure.
Methanol fixation poorly preserves the cortical staining pattern observed in live parasites expressing 016650-YFP. Alterative fixation strategies were explored and fixation with 3.7% paraformaldehyde was found to preserve the cortical staining pattern at the expense of a well-preserved basal complex. Parasites fixed in 3.7% PFA were co-stained with anti-IMC3 to examine the localization of 016650-YFP throughout the cell cycle (Fig. 3B) . This illustrated that 016650-YFP is absent from internal daughter buds and is deposited on parasites as they emerge from the mother. This makes this protein unique to the mature basal complex. The localization of 016650-YFP was unchanged in extracellular parasites (Fig.  3C ).
The parasite's IMC protein meshwork and sub-pellicular microtubules are largely resistant to extraction with 1% non-ionic detergent TX-100 and ionic detergent deoxycholate (DOC). Differential detergent extractions were performed on 016650-Myc3x parasites to determine whether the protein is embedded in the mature IMC to which it localizes. 016650-Myc3x was completely solubilized by both 1% TX-100 and 1% DOC, as was ROP1, a soluble rhoptry protein used as a control (Fig. 3D) . In support of this solubility is the presence of several putative palmytoylation sites (Cys10, 361, and 426). However, no myristoylation site could be identified, which is reminiscent of what is observed for ISP4 (Fung et al. 2012) . Taking these data into account, we named the protein encoded by TGME49_016650 Toxoplasma gondii Mature Soluble Cytoskeletal protein 1a (TgMSC1a) and its paralog (TGME49_002390) TgMSC1b.
TgMSC1b (TGME49_002390) localizes to the mature IMC
TgMSC1b encodes a protein of 587 amino acids that shares 55% similarity and 36% identity to TgMSC1a. Orthologs were detected in Neospora caninum and Plasmodium spp. (Table   1) . We chose to investigate this candidate because of its similarity to TgMSC1a, the similarity of its mRNA expression profile to the other candidate genes (i.e. peaks during budding), and preliminary localization data, which illustrated over-expressed TgMSC1b-YFP localizing to the cytoskeleton and to long fibers closely apposed to the cytoskeleton (Fig. 2B) . Like TgMSC1a, the over-expressed TgMSC1b-YFP was only observed in mature parasites. To elucidate the localization of this protein throughout the cell cycle, parasites expressing the TgMSC1b-YFP fusion under the control of the endogenous promoter were co-stained with the actinomyosin motor component GAP45 (Fig. 4A) and IMC1 (Fig. 4B) . GAP45 is recycled from the mother parasite onto emerging daughters late in budding and marks the mature IMC (Gaskins et al. 2004; Gilk et al. 2009 ). Figure 4A shows parasites late endodyogeny when two daughters are emerging from each of the four mother parasites. GAP45 and TgMSC1b-YFP are only detectable in the mother's IMC and in the externalized components of the daughters. Probing the same parasites with anti-IMC1, which equally stains the mother and daughter IMC (Anderson-White et al. 2011; Mann and Beckers 2001) , corroborate these data (Fig. 4B) . The localization of TgMSC1b-YFP was unchanged in extracellular parasites (Fig. 4C ).
To test whether this protein is embedded in the IMC, a strain wherein a Myc3x tag was attached the C-terminus of the endogenous locus was analyzed by differential detergent extraction. TgMSC1b-Myc3x was extracted with both 1% TX-100 and 1% DOC, and cofractionated with the soluble control ROP1 (Fig. 4D ). TgMSC1b contains one predicted palmytoylation site (Cys139) and no predicted myristoylation site that could potentially mediate membrane attachment. However, indirect cortical localization by binding to membrane-anchored proteins is also a possibility.
Tg14-3-3 (TGME49_063090) localizes to the centrosomes, daughter IMC, and basal cup
Across eukarya, 14-3-3 proteins form dimers and bind a wide spectrum of proteins involved in diverse cellular processes (Assossou et al. 2003) . While 14-3-3 proteins have been identified in protozoan pathogens, little is known about their binding partners, cell biological function, or role in pathogenesis. Tg14-3-3 (TGME49_063090) is one of four 14-3-3 proteins encoded in the Toxoplasma genome and is widely conserved across the phylum.
Particularly strong conservation in alpha helices 3, 5, 7 and 9, the interface of 14-3-3 proteins and their targets in other systems suggests a conserved substrate across the phylum (Supplementary Figure S4) . Tg14-3-3 was identified by mass spectrometry analysis of the putative MORN1 complex, however its mRNA expression profile did not cluster with that of MORN1. We chose to test this candidate experimentally because biochemical analysis of Tg14-3-3 suggested that, like MORN1, it was associated with both soluble and insoluble fractions of the parasite (Assossou et al. 2003) . Furthermore, the over-expressed fusion protein localized prominently to the basal cup and to a peri-nuclear spot, in a manner similar to MORN1 (Fig.  2B) .
Intracellular parasites expressing a Myc3x tag fused to the 3′ end of the endogenous Tg14-3-3 allele were co-probed with anti-MORN1 (Fig. 5A) . The colocalization of Tg14-3-3 with MORN1 in the basal cup is enlarged in the lower inset of Fig. 5A . The perinuclear 14-3-3 signal did not co-localize with MORN1 at the spindle pole (Fig. 5A upper  inset) . Instead, it appeared to localize in close apposition to the spindle pole suggestive of co-localization with the centrosome. Co-staining with Centrin antiserum confirmed this observation and demonstrated the localization of Tg14-3-3 to the singular and duplicated centrosome(s) (Fig. 5B) . To test whether the localization of this protein changed throughout cytokinesis, parasites were co-stained with anti-IMC3 and observed throughout budding ( Fig. 5C and Supplementary Figure S5 ). Tg14-3-3 was detectable in the early daughter buds with IMC3 and remained associated with the daughter buds throughout budding. This localization pattern in dividing parasites is strikingly similar to that of IMC15 (AndersonWhite et al. 2011) . Surprisingly, in extracellular parasites most of the signal is cortical in a patchy pattern and cytoplasmic (Fig. 5D) , as previously reported (Assossou et al. 2003) . To determine whether this translocation was dependent upon MORN1, the localization of a 14-3-3 YFP fusion protein was characterized in MORN1-cKD parasites (Supplementary Figure S6) . The localization of the fusion protein in intracellular parasites was found to be independent of expression of MORN1. We also tested Tg14-3-3 ionic detergent extractability and observed mostly soluble proteins next to a small insoluble fraction (Fig.  5E ). Taken together, Tg14-3-3 co-localizes with MORN1 in the basal complex and is additionally present in the centrosomes, and in the cortical IMC, in particular in extracellular parasites. This suggests a complex and multifactorial role for Tg14-3-3.
TgILP1 (TGME49_113380) localizes to IMC
The protein product of TGME49_113380 is predicted to be 274 amino acids and is widely conserved across the Apicomplexa (Table 1) . A coiled-coil domain spans amino acids 153 through 231. In all organisms this appears to be a single copy gene that is not part of a gene family.
Overexpression of the YFP fusion protein leads to grossly malformed cytoskeletons and large, irregular nuclei are often observed, suggestive of mitotic uncoupling (Supplementary Figure S7) . The fusion protein localized to the mature malformed IMC, along with IMC3, as well as to small rings in the cytoplasm, independent of IMC3 (Supplementary Figure S7) . In order to determine the physiological localization of this protein, parasites stably expressing a 113380-YFP gene controlled by the endogenous promoter were examined by fluorescence microscopy ( Fig. 6A-C) . The tagged protein localized to the mature IMC in intracellular (Fig. 6A ) and extracellular parasites (Fig. 6C) . In dividing parasites, the YFP-tagged protein was preferentially targeted to the daughter buds, as illustrated by co-staining with anti-IMC1, which stains mother and daughters evenly (Fig. 6B ). This localization pattern has also been reported for IMC3, IMC10 (Anderson-White et al. 2011) and GAP50 (Frenal et al. 2010; Gaskins et al. 2004) . Differential detergent extraction of parasites expressing a Myc3x tag fused to the 3′ end of the endogenous locus revealed that 113380 is absolutely insoluble in both 1% TX-100 and 1% DOC solution, further supporting the characterization of this protein as an integral IMC component. However, this protein also contains multiple predicted palmitoylation sites (Cys95, 119, 250, 273, 274 ) that could additionally anchor this protein in the alveoli. Based on these insights, and the already long list of related IMC proteins containing alveolin domains (IMC1 and 3-15) as well as two phosphatases (IMC2a; TGGT1_083640 and IMC2b; TGGT1_083630), we named this protein IMC localizing protein 1 or ILP1 to clearly differentiated it from these families.
TgCAP (TGME49_110030) localizes to the apical cap
Cyclase-associated proteins (CAPs) are ubiquitous regulators of actin turnover that act through a conserved actin-binding domain (Hubberstey and Mottillo 2002) . Analysis of the primary amino acid sequences of CAPs of several apicomplexan parasites, i.e. T. gondii, C. parvum, P. falciparum and P. berghei, revealed the absence of the adenylate cyclase binding domain for which the protein is named (Hliscs et al. 2010 ). The C. parvum CAP protein (XP_626004.1) is 45% identical and 62% similar to TgCAP and binds G-actin in vitro (Hliscs et al. 2010) . Reverse genetics has also shown that the CAP paralog in P. berghei is dispensable in the blood stage, but essential for oocyst development in the mosquito vector (Hliscs et al. 2010) .
Where CAP proteins localize in apicomplexan parasites throughout the lytic cycle has thus far not been defined. The C-terminal YFP fusion protein driven by the tubulin promoter was targeted primarily to the apical cap, a sub-compartment of the parasite's cytoskeleton (Fig.  2B) . A fluorescent spot was also observed in the parasite's cytoplasm, consistent with a previous report of discrete cytoplasmic bundles of actin . A parasite strain expressing TgCAP-YFP under the control of the endogenous promoter was probed with mAb 7E8, which specifically labels a component (ISP1) of the apical cap of mature and dividing parasites (Beck et al. 2010) (Fig. 7A) . These data illustrate that in mature intracellular parasites, TgCAP is concentrated primarily in the apical cap and colocalizes with ISP1. TgCAP was to a lesser degree also detectable throughout the IMC. Costaining with anti-IMC3 revealed that TgCAP is incorporated into the apical caps of daughter buds late in endodyogeny, prior to their emergence from the mother, reminiscent of the incorporation of RNG1 into the apical cap of mature daughter buds (Tran et al. 2010) (Fig. 7B and Supplementary Figure S8) .
Outside of the host cell, the transient formation of short actin filaments between the parasite's plasma membrane and IMC is a critical event required for parasite motility. To test whether this G-actin sequestering protein translocates from the apical cap in intracellular parasites to another compartment in extracellular parasites, we co-stained extracellular TgCAP-YFP parasites with the ISP1 antibody (Fig. 7C ). Under these conditions TgCAP, but not ISP1, translocated from the apical cap to the parasite's cytoplasm. Consistent with this transient localization pattern is the detergent soluble nature of TgCAP, which is performed on extracellular parasites (Fig. 7D) .
Discussion
Proteomic approaches are well suited to addressing unknown aspects of cytoskeletal biology and have been used to characterize of the proteomes of Toxoplasma's apical complex ) and the pellicle of Tetrahymena, a related alveolar organism (Gould et al. 2011) . In these studies parasites were fractionated by detergents and differential centrifugation to enrich the fraction of interest, and yielded hundreds of candidates for further experimental investigation. In another recent study immuno-precipitation was used to identify proteins associating with the IMC-associated protein GAP45 (Nebl et al. 2011) , which provided another large inventory of proteins that may have a role in the cytoskeleton. In this study we aimed to define the composition of the basal complex using a combination of fractionation and immunoprecipitation of MORN1, its key scaffolding protein (Lorestani et al. 2010) .
Of the 137 proteins that putatively associate with MORN1 we prioritized 13 candidates by selecting for transcription profiles similar to that of MORN1 as well as their functional annotation ( Fig. 2A) . Since nearly all the proteins we selected are hypothetical, with few known domain or functions, the first clue toward their function is provided by their subcellular localization pattern. Sub-cellular localization by YFP tagging identified two proteins that localize to the basal complex (Tg14-3-3 and TgMSC1a), two proteins that localize to the apical cap (TgCAP and TGME49_009600), and three proteins that localize more broadly to the IMC (TGME49_030160, TgMSC1b, and TgILP1). Besides the classification in these three groups, differences among the group members could be appreciated based on their specific spatiotemporal dynamics throughout the cell cycle, and their sensitivity to detergent extraction to assign their mode of cytoskeleton association.
The proteins excluded from our shortlist for follow up comprised many proteins unlikely to interact with MORN1 in vivo such as secreted and cytoplasmic proteins. Although western blot analysis of our MORN1 enriched fraction indicated the absence of microneme proteins (Fig. 1F) , several proteins localizing to the secretory organelles were identified by mass spectrometry. Since these are absent from our MORN1-cKD negative control preparations the associations appear to be specific. However, one thing to keep in mind is that the putative function of MORN1 is a scaffolding protein. Consistent with such function is that it is likely sticky such that, following detergent lysis, certain organellar and cytoplasmic proteins formed aspecific yet strong interactions with MORN1. In essence, these data are consistent with a function of MORN1 in organizing protein-protein interactions and its hypothesized role as a scaffolding protein in assembling the basal complex (Lorestani et al. 2010 ).
We identified Tg14-3-3 and TgMSC1a as two new components localizing to the basal complex. In intracellular parasites Tg14-3-3 co-localizes with MORN1 in the basal complex, as well as to the centrosome throughout the cell cycle. However, in extracellular parasites Tg14-3-3 becomes cortical, localizing to the whole IMC. This translocation was further shown to be independent of MORN1. Since 14-3-3 proteins in many cases recognize phosphorylated sites in other proteins, this observation predicts a change in phosphorylation pattern of MORN1 e.g. when parasites egress from their host cell. Indeed there is evidence that MORN1 is phosphorylated (Treeck et al. 2011 ). Moreover, a role for 14-3-3 protein has been suggested in sequestering the inactive, phosphorylated form of the Actin Depolymerizing Factor (ADF) (Schuler and Matuschewski 2006) . The translocation of Tg14-3-3 upon egress could therefore be consistent with a change in needs for G-actin sequestration and actin depolymerization (Allen et al. 1997; Mehta and Sibley 2010) .
The other basal complex protein identified here, TgMSC1a, only localized to the basal complex in mature parasites and did not co-localize with any of the known basal complex sub-structures (Anderson-White et al. 2011). Our results (Supplementary Fig. S3 ) indicate that MSC1a resides in a structure flanked apically by MORN1, IMC9, and 13, while it flanks the IMC5 and 8 containing sub-structure laterally. This adds another distinct substructure in the basal complex (Anderson-White et al. 2011) . The function of the basal complex in mature parasites is not well understood, however several clues are now accumulating. Toxoplasma encodes two related MSC genes, one localizing to the basal complex, and one localizing to the mature IMC. Only coccidia appear to have two genes, which is consistent with the presence of a basal complex across the zoites in these parasites e.g. as described for Eimeria (D'Haese et al. 1977) . However, most apicomplexan zoites do not maintain a basal complex in mature parasites e.g. as observed in mature Plasmodium sporozoites (Kudryashev et al. 2010 ) and merozoites (Kono et al. 2012) . The basal complex in mature Toxoplasma tachyzoites also contains Myosin C, a gene unique to Toxoplasma (Delbac et al. 2001) , and a family of unique IMC proteins (Anderson-White et al. 2011 ). This might be why Toxoplasma harbors two MSC genes, one with a general cortical localization, anticipated to be conserved across the Apicomplexa, and one with a unique basal complex localization.
While we did identify two new proteins localizing to the basal complex, we did not find other components that were previously shown to localize to this structure, such as IMC5, 8, 9 and 13 (Anderson-White et al. 2011), TgDLC , Centrin2 (Hu 2008) , or MyoC (Delbac et al. 2001) . Earlier ultra-structural and immunofluorescence studies have illustrated that the basal complex is composed of multiple layers. The nature and strength of the interaction between these sub-compartments is unknown, hence the extraction conditions used in this study could have eliminated some of these interactions if they were weak. Moreover, our approach could therefore have prohibited the detection of additional, novel basal complex proteins. In spite of this limitation, the 450-700 kDa size of the putative MORN1 complex on native blue gels (Fig. 2B) suggested the presence of different sized complexes, which is in line with the scaffolding function of MORN1. In future work we will therefore address the architecture of the basal complex by directed experiments using pulldown experiments with other basal complex components.
Of the three newly identified proteins that associate with the IMC, TgILP1 predominantly localizes to budding daughters, whereas TgMSC1b exclusively localizes to the mature IMC. The protein encoded by TGME49_030160 localizes to the daughter buds and mature IMC, but we have not yet characterized this protein in detail (results not shown). The spatiotemporal dynamics are consistent with different classes of IMC protein: TgILP1 with IMC3, 10 and TgMSC1b with IMC7, 12, 14. Therefore, our new data expand the insights on cytoskeletal proteins with distinct spatiotemporal signatures beyond the alveolin domain containing IMC proteins (Anderson-White et al. 2011 ).
Since MORN1 is also present in the apical complex, it is possible that we specifically identified some proteins residing on the apical end of the parasite. Of the two proteins localizing to the apical cap, TgCAP functions in G-actin sequestration (Hliscs et al. 2010) . Interestingly, this specific localization is lost in extracellular tachyzoites and the signal becomes cytoplasmic. We did not observe such shift for other basal cap proteins such as IMC11 (Anderson-White et al. 2011) , PhIL1 (Gilk et al. 2006 ) (data not shown) and ISP1 (Beck et al. 2010 ) whereas GAP70, the glideosome component specific for the apical cap, is needed in extracellular parasites to facilitate gliding (Frenal et al. 2010) . It is unknown whether TgDLC ) is released from the apical cap. TgCAP contains three predicted palmitoylation sites (Cys6, 8, 203 ) that could play a role in change in its localization dynamics, mediated by palmitoylation and depalmitoylation. However, more experiments are necessary to test this model.. The presence of TgCAP in the apical cap fits a model wherein G-actin is sequestered at the site where gliding motility is needed first. Why it is being released after the parasites are gliding is less clear. In Plasmodium sporozoites a minor accumulation in the apical tip can also be appreciated but was not specifically reported (Hliscs et al. 2010) . Our observation therefore provides a first potential clue toward a specific function of the apical cap. Whether the whole apical cap structure is present to support the sequestration of G-actin or otherwise has a specific function supporting the onset of gliding, which could be consistent with a specific glideosome component GAP70 localization to the cap, remains to be determined.
In addition to the novel cytoskeletal proteins and obvious aspecific binders, the status of several confirmed actinomyosin motility components (e.g. actin, ELC1, MyoA, profilin family protein, cyclase-associated protein, and aldolase) that were detected in the wild-type MORN1-enriched fractions but not in the control MORN1-cKD preparation is not as clearcut. We can currently not exclude whether this interaction is aspecific or non-physiological, however the glideosome motor components are either embedded in or closely associated with the IMC, and as such a functional connection between the components of the motility apparatus and MORN1 can be envisioned.
Our findings are summarized in Figure 8 . The collection of new cytoskeletal components is excitingly rich in proteins conserved across the Apicomplexa. This study therefore significantly contributes to the annotation of the apicomplexan cytoskeleton. Investigations into the localization and function of these proteins in other pathogens within the phylum will be important to understand the roles of these molecules in these organisms and will further contribute to understanding the biology of the unique apicomplexan cytoskeleton germane to motility and cell division. (A) is a side-view of the mature basal complex, illustrating its stratified structure, and the lower insert in (A) illustrates a ring structure formed by MSC1a-YFP (green). Extracellular parasites co-stained with anti-GFP and anti-IMC3 are shown in (D). Cells shown in (A) and (C) were fixed with 100% methanol, while cells shown in (B) were fixed with 3.7% PFA and permeabilized with 0.25% TX-100. Scale bars represent 2 μm. D: Differential detergent extraction analysis of MSC1a-myc3x parasites, where resuspension buffer without detergent (RB), 1% TX-100, 1% SDS or 1% DOC were used for extractions as indicated. P: pellet (insoluble fraction); S: supernatant (soluble fraction). Anti-IMC1 and anti-ROP1 hybridization were used as controls for the insoluble and soluble fraction, respectively. Image is representative of two independent experiments. . Extracellular parasites co-stained with anti-GFP and anti-GAP45 are shown in (C). Cells were fixed and permeabilized with 100% methanol. Scale bars represent 2 μm. D: Differential detergent extraction analysis of MSC1a-myc3x parasites, where resuspension buffer without detergent (RB), 1% TX-100, 1% SDS or 1% DOC were used for extractions as indicated. P: pellet (insoluble fraction); S: supernatant (soluble fraction). Anti-IMC1 and anti-ROP1 hybridization were used as controls for the insoluble and soluble fraction, respectively. Image is representative of two independent experiments. . Cells were fixed with 3.7% PFA and permeabilized with 0.25% TX-100. Scale bars represent 2 μm. E: Differential detergent extraction analysis of Tg14-3-3-myc3x parasites, where resuspension buffer without detergent (RB), 1% TX-100, 1% SDS or 1% DOC were used for extractions as indicated. P: pellet (insoluble fraction); S: supernatant (soluble fraction). Anti-IMC1 and anti-ISP1 hybridization were used as controls for the insoluble and soluble fraction, respectively. Image is representative of two independent experiments. A-C: Parasites stably expressing TgILP1-YFP whose expression was driven by the endogenous promoter were analyzed by IFA. Intracellular parasites co-stained with anti-GFP and anti-IMC1, either in interphase (A) or in cell division (B). C. Extracellular parasites co-stained with anti-GFP and anti-GAP45. Cells were fixed and permeabilized with 100% methanol. Scale bars represent 2 μm. D: Differential detergent extraction analysis of TgILP1-myc3x parasites where resuspension buffer without detergent (RB), 1% TX-100, 1% SDS or 1% DOC were used for extractions as indicated. P: pellet (insoluble fraction); S: supernatant (soluble fraction). Anti-IMC1 and anti-ISP1 hybridization were used as controls for the insoluble and soluble fraction, respectively. Image is representative of two independent experiments. . Cells were fixed with 3.7% PFA and permeabilized with 0.25% TX-100. Scale bars represent 2 μm. D: Differential detergent extraction analysis of TgCAP-myc3x parasites, where resuspension buffer without detergent (RB), 1% TX-100, 1% SDS or 1% DOC were used for extractions as indicated. P: pellet (insoluble fraction); S: supernatant (soluble fraction). Anti-IMC1 and anti-ISP1 hybridization were used as controls for the insoluble and soluble fraction, respectively. Image is representative of two independent experiments. Mature IMC is shown in red, daughter IMC is shown in magenta, centrosomes are shown in bright yellow, nucleus is shown in gray, mature basal cup is shown in dark blue, daughter basal cup is shown in light blue, apical cap is shown in bright green, the cytoplasm is shown in both light green (mother) and lavender (daughter), and the plasma membrane is shown as a thin black line surrounding the parasite. 
